Introduction
Glucocorticoid hormones exert profound modulatory influences on a range of physiological and behavioral responses to stress. One mechanism through which glucocorticoids may regulate stress responses is by actions on serotonergic systems. Glucocorticoid hormones alter multiple aspects of serotonergic signaling, including tryptophan transport (Neckers and Sze, 1975; Sze, 1976) , 5-HT synthesis and metabolism (Kovacs and Telegdy, 1980; Singh et al., 1990; Clark and Russo, 1997) , 5-HT receptor function (Meijer and de Kloet, 1998) , and tissue concentrations of 5-HT (Losada, 1988; Summers et al., 2000 Summers et al., , 2003 Lowry et al., 2001 ). However, little is known about the specific sites or cellular mechanisms of glucocorticoid modulation of serotonergic signaling.
Previous studies indicate that the dorsomedial hypothalamus (DMH) is a site where stress and glucocorticoids acutely modulate serotonergic signaling. Within 20 -30 min of exposure to a stressor or injection of corticosterone, concentrations of 5-HT increase in the DMH (Kvetnansky et al., 1977; Losada, 1988; Lowry et al., 2001 Lowry et al., , 2003 . In the DMH of rats and salamanders, increases in 5-HT are positively correlated with increases in dopamine and norepinephrine (Lowry et al., 2001 (Lowry et al., , 2003 suggesting that 5-HT, dopamine, and norepinephrine are coregulated in this region. The rapid effects of corticosterone and the coregulation of 5-HT and other monoamines led us to hypothesize that the effects of stress and glucocorticoids within the DMH are mediated by polyspecific organic cation transporters (OCTs) recently described in brain (Vialou et al., 2004) .
The OCTs are a family of multispecific, bidirectional, carriertype permeases (for review, see Koepsell et al., 2003) . Based on studies of peripheral tissues, all three OCTs transport 5-HT, dopamine, and norepinephrine (Busch et al., 1996; Grundemann et al., 1998; Koepsell et al., 2003) and are acutely inhibited by corticosterone (Wu et al., 1998; Arndt et al., 2001) . OCT expression has been detected in neurons and cultured glial cells (Russ et al., 1996; Busch et al., 1998; Vialou et al., 2004) , and physiological roles for OCTs in the brain have been suggested (Kristufek et al., 2002; Kitaichi et al., 2003; Vialou et al., 2004) . However, the functional properties of OCTs in the brain, including substrate specificity, directionality, and sensitivity to inhibition by corticosterone, have not been studied.
The hypothesis that stress-and corticosterone-induced increases in DMH 5-HT are mediated by inhibition of OCTs is supported by a recent study demonstrating that infusion of the OCT inhibitor decynium 22 (D22) into the medial hypothalamus leads to increases in local extracellular 5-HT concentrations . The present study further tests the hypothesis by examining expression of OCTs in the medial hypothalamus using reverse-transcriptase (RT)-PCR and immunohistochemistry and by testing the effects of corticosterone and OCT inhibitors on uptake and efflux of radiolabeled substrates in acutely prepared medial hypothalamic explants. Because the DMH is involved in the regulation of physiological and behavioral responses to stress (DiMicco et al., 2002) , alterations in serotonergic signaling in this region may have effects on the stress response. Portions of this work have been published previously in abstract form (Gasser et al., 2004 (Gasser et al., , 2005 .
Materials and Methods
Animals and housing conditions. Male Sprague Dawley rats were obtained from Charles River Laboratories (Wilmington, MA) or Harlan (Bicester, UK) and were housed in groups of four animals per cage. Cage litter was changed once per week. Animals were maintained under standard lighting conditions (Arizona State University, 12 h light/dark cycle, lights on at 6:00 A.M.; University of Bristol, 14/10 h light/dark cycle, lights on at 5:00 A.M.). All procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, Arizona State University Institutional Animal Care and Use Committee, UK Home Office guidelines, and the UK Animals (Scientific Procedures) Act 1986.
RT-PCR. Tissues from the medial hypothalamus and kidney were analyzed for OCT1, OCT2, and OCT3 mRNA expression and for the serotonin reuptake transporter (SERT), norepinephrine transporter (NET), dopamine transporter (DAT), and vesicular monoamine transporter 1 (VMAT1) and VMAT2 mRNA expression using standard techniques. Rats were killed by rapid decapitation. Tissues from the medial hypothalamus and kidney were dissected immediately. Medial hypothalamic tissue immediately surrounding the caudal third ventricle (3V-MH) was dissected as described for the transport assays (see below). After dissection, tissues were placed immediately into RNALater (Ambion, Austin, TX) and stored at 4°C until RNA isolation. Total RNA was isolated from individual 3V-MHs and kidneys using the RNAWIZ reagent (Ambion) according to the protocol of the manufacturer. One microgram of the resulting total RNA was reverse transcribed for 30 min at 42°C in the presence and absence of engineered Moloney murine leukemia virus RNase Hϩ reverse transcriptase (iScript; Bio-Rad, Hercules, CA) with a combination of oligo (dT) and random primers. Two microliters of the resulting cDNA were used as a template for hot-start PCR using HotMaster Taq polymerase (Eppendorf, Westbury, NY) with the following primers (Kristufek et al., 2002) : rOCT1 (forward, 5Ј-GAT CTT TAT CCC  GCA TGA GC-3Ј; reverse, 5Ј-TTC TGG GAA TCC TCC AAG TG-3Ј; nucleotides 1300 -1777; T ann ϭ 55°C), rOCT2 (forward, 5Ј-CGT TGG GTA GAA TGG GCA TC-3Ј; reverse, 5Ј-GTG AGG TTG GTT TGT GTG GG-3Ј; nucleotides 1401-1863; T ann ϭ 57°C), and rOCT3 (forward, 5Ј-GCC TTG CAG TGT GCT TCA C-3Ј; reverse, 5Ј-GGA ACC TCA GTG GCT TTG G-3Ј; nucleotides 2095-2561; T ann ϭ 52°C). Hot-start PCR was performed with a thermal cycler (MyCycler; Bio-Rad) in 0.2 ml thin-walled PCR tubes. cDNAs were amplified in a total volume of 50 l containing 1 mM 2Ј-deoxynucleoside 5Ј-triphosphates, 1 U HotMaster TaqDNA polymerase (Eppendorf), and 200 ng sense and antisense primers. The thermal cycling parameters were as follows: 94°C for 2 min followed by 36 cycles of 94°C for 30 s, T ann for 25 s, and 65°C for 45 s. After a final extension at 65°C for 4 min, PCR products were separated by electrophoresis in 1.5% agarose gels stained with ethidium bromide.
For amplification of rat SERT, DAT, NET, VMAT1, and VMAT2 mRNA in medial hypothalamic tissue, hot-start PCR was performed as above, except that cycling parameters differed for the various products as noted below. The following primers were used: rSERT (Inazu et al., 2001) [forward, 5Ј-GTA CCA CCG AAA CGG GTG CA-3Ј; reverse, 5Ј-TGG TGG ATC TGC AGG ACA TG-3Ј; nucleotides 401-700; T ann ϭ 60°C; cycling parameters: 2 min at 95°C; 35 times (45 s at 95°C; 45 s at 60°C; 30 s at 72°C); 10 min at 72°C], rDAT (Takeda et al., 2002) [forward, 5Ј-TCC CTG ACA AGC TTC TCC-3Ј; reverse, 5Ј-GCC AGG ACA ATG CCA AGA-3Ј; nucleotides 1077-1381; T ann ϭ 56°C; cycling parameters: 2 min at 95°C, 35 times (1 min at 95°C; 2 min at 56°C; 4 min at 72°C)]; rNET (Inazu et al., 2003b) [forward, 5Ј-CAT CAA CTG TGT TAC CAG TTT TAT T-3Ј; reverse, 5Ј-AAA CAT GGC CAG AAG AAA GGT ACC-3Ј; nucleotides 1044 -1354; T ann ϭ 60°C; cycling parameters: 2 min at 95°C, 35 times (1 min at 95°C; 2 min at 60°C; 4 min at 72°C)], rVMAT1&2 (Hayashi et al., 1999) [VMAT1 forward, 5Ј-AGA CAG CAA CTC TTC TCT GC-3Ј; reverse, 5Ј-CTA TCC CTT GCA AGC AGT TGT-3Ј; nucleotides 426 -640; T ann ϭ 55°C; VMAT2 forward, 5Ј-ACT CTA CGG AAA TCC AGA CC-3Ј; reverse, 5Ј-AAT TCC CTG AAG GGA CCT GG-3Ј; nucleotides 267-685; T ann ϭ 53°C; cycling parameters: 2 min at 94°C; 30 times (30 s at 94°C; 30 s at T ann ; 1 min at 72°C)]. PCR products were separated by electrophoresis in 1.5% agarose gels stained with ethidium bromide.
Immunohistochemistry. For immunolocalization of rat OCT3, we used an affinity-purified antibody raised against an 18-amino acid sequence in the large intracellular loop of rOCT3 [rabbit polyclonal anti-rat OCT3; catalog number UBO5402-06, lot number L5061057; Alpha Diagnostics International (ADI), distributed by Europa Bioproducts Ltd, Cambridge, UK). This antiserum was characterized previously (Lips et al., 2005) in human embryonic kidney 293 (HEK293) cells that were stably transfected with expression vectors containing individual OCT-subtypes from rat (HEK-rOCT1, HEK-rOCT2, HEK-rOCT3). Cells expressing rOCT3, but not cells containing the expression vectors alone, or cells expressing rOCT1 or rOCT2, were stained by the ADI affinity-purified rOCT3 antibody. In the current study, three adult male Sprague Dawley rats (weighing 250 -300 g) were deeply anesthetized by intraperitoneal injection of 0.5 ml of Euthatal (200 mg/ml sodium pentobarbital; Merial, Harlow, UK). Animals were transcardially perfused with 200 ml of 0.05 M PBS followed by 200 ml of 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB) fixative, using a peristaltic pump at a flow rate of 31.5 ml/min. Brains were dissected and postfixed overnight in the same fixative at 4°C. Brains were then washed in 0.1 M PB for 24 h at 4°C. The solution was changed every 12 h over this period. The brains were then cryopreserved in 30% sucrose in 0.1 M PB for ϳ72 h. Brains were then blocked at the caudal border of the mammillary bodies (approximately Ϫ5.30 mm bregma) into two pieces using a rat brain matrix (RBM-4000C; ASI Instruments, Warren, MI) and rapidly frozen in dry icechilled liquid isopentane. Brains were stored at Ϫ80°C until sectioning. Sections (25 m) were cut across the coronal plane using a cryostat and stored in cryoprotectant [30% ethylene glycol (w/w)/20% glycerol (w/w) in 0.05 M PB, pH 7.4] at Ϫ20°C until immunostaining. Immunohistochemistry was performed to determine the distribution of OCT3 in the medial hypothalamus. Free-floating sections were incubated in 24-well tissue culture plates and gently shaken on an orbital shaker throughout immunostaining. Sections were first rinsed in 0.05 M PBS for 15 min, treated with 1% hydrogen peroxide in 0.05 M PBS for 15 min, washed again for 15 min in PBS, preincubated in PBS containing 0.3% Triton X-100 (PBST), and then incubated for 16 -40 h at room temperature with primary antiserum diluted 1:50 (0.02 g/l) in 0.1% PBST. Sections were again rinsed twice for 15 min in 0.3% PBST, after which they were incubated for 90 min with secondary antibody (biotinylated swine antirabbit IgG; catalog number E0353; DAKO, Ely, UK) diluted 1:200 in 0.1% PBST. Sections were rinsed twice in 0.3% PBST for 15 min, fol-lowed by incubation for 90 min with Elite ABC reagent (Vector Laboratories, Peterborough, UK) diluted 1:200 in PBST 30 min before use. Finally, sections were rinsed for 15 min in 0.3% PBST, 15 min in PBS, and incubated in a solution containing 0.001% 3,3Ј-diaminobenzidine tetrahydrochloride and 0.0015% hydrogen peroxide in PBS for 1-2 h. Stained sections were rinsed for 15 min in PBS and mounted onto Superfrost slides (VWR, Poole, UK). Sections were coverslipped with 50% glycerol/ 50% 0.1 M PB to obtain wet mount images of ependymal cells lining the third ventricle. Coverslips and sections were then removed. Sections were rinsed in 0.05 M PBS, flash rinsed in distilled water, remounted onto Superfrost slides, and left to dry at room temperature overnight. Sections were then dehydrated in ascending alcohol concentrations and slides were mounted with coverslips using DPX (dibutyl phthalate in xylene) mounting medium (VWR).
As a control for the specificity of the OCT3 immunostaining, one set of tissue sections was incubated with an aliquot of primary antibody that had been incubated overnight at 4°C with OCT3 control peptide (0.2 g/l; category number UBO5402-05, lot number L5021803; Europa Bioproducts Ltd).
Images were captured using a Leica (Nussloch, Germany) light microscope fitted with an Insight digital camera (Leica) and SPOT image capture software v4.0.2 (Diagnostic Instruments, Sterling Heights, MI). Cell sizes were estimated using a measurement utility in the SPOT image capture software.
Transport assays. Uptake of 1-
and [ 3 H]-histamine and efflux of [ 3 H]-MPP
ϩ were measured in acutely prepared minces of periventricular medial hypothalamic tissue. Rats were killed by rapid decapitation by 9:00 on the morning of experiments. Brains were immediately removed and placed into ice-cold artificial CSF (aCSF) (in mM: 118 NaCl, 3 KCl, 0.7 Na 3 PO 4 , 18 NaHCO 3 , 2 urea, 0.8 MgCl 2 , 1.4 CaCl 2 , 10 HEPES, and 12 glucose, pH 7.6) previously gassed with 95% O 2 /5% CO 2 . A section of the medial hypothalamus immediately adjacent to the third ventricle extending rostrocaudally from just caudal to the anterior hypothalamic nucleus (AH) (Ϫ2.30 mm bregma) (Paxinos and Watson, 1998) to the posterior nucleus of the hypothalamus (PH) (Ϫ3.60 mm bregma), and dorsoventrally from ϳ0.5 mm above the dorsal tip of the third ventricle to the ventral surface of the brain ( Fig. 1 ) was dissected from each brain and placed into fresh, icecold aCSF. This section, termed the 3V-MH, contained tissue from the DMH, including the dorsal hypothalamic area (DA), dorsomedial hypothalamic nucleus (DMN), the periventricular hypothalamic nucleus (Pe), the arcuate nucleus (Arc), and small portions of the PH, the ventromedial hypothalamic nucleus (VMH), and the median eminence. Microdissected 3V-MH tissue (from two to four rats per experiment) was chopped into cubes of approximately uniform size using a McIlwain TissueChopper. The pooled cubes were rinsed three times by incubation in 5-6 ml fresh ice-cold aCSF for 5 min with gentle agitation. Cubes were separated into aliquots in 1.5 ml microcentrifuge tubes in 350 -400 l of fresh aCSF for treatments. In studies testing the effects of 5-HT on OCTmediated transport, aCSF contained 10 M pargyline and 1 M ascorbic acid. Before uptake measurements, tissue was incubated for 10 min at room temperature, followed by 5 min at 37°C. During all transport studies, tissue was incubated at 37°C and continually mixed by gentle inversion.
Transport assays. MPP ϩ was initially chosen for transport studies for several reasons: (1) the three OCT isoforms have virtually identical affinities for MPP ϩ (Russ et al., 1992; Grundemann et al., 1994; Martel et al., 1996; Grundemann et al., 1999) ; (2) MPP ϩ is not subject to cellular metabolism (Sayre, 1989) ; and (3) the majority of studies characterizing OCT-mediated transport in cell lines used MPP ϩ as substrate. However, in brain, MPP ϩ is also transported by SERT, DAT, NET, and VMATs (Grundemann et al., 1999) . Therefore, although MPP ϩ has been used effectively to characterize OCT activity in cultured cells expressing individual OCTs in the absence of other transporters, it is not an ideal substrate for measurement of OCT-mediated transport in brain tissue explants. Using brain minces, MPP ϩ uptake mediated by the high-affinity monoamine transporters probably masked OCT-mediated uptake. For this reason, we used two additional measures to more specifically characterize OCT-mediated transport in acutely dissected brain tissues. First, uptake of [ 3 H]-histamine by 3V-MH minces: of the above-mentioned transporters, only OCT2, OCT3, and VMAT2 are known to transport histamine (Merickel and Edwards, 1995; Dimaline and Struthers, 1996; Grundemann et al., 1999) . Second, efflux of [ 3 H]-MPP ϩ from preloaded hypothalamic minces: although SERT, DAT, and NET are capable of transporting MPP ϩ , they are all predominantly unidirectional uptake transporters under physiological conditions (Levi and Raiteri, 1993; Scholze et al., 2002; Reed et al., 2003) , whereas the OCTs are truly bidirectional transporters (Jonker and Schinkel, 2004) .
Uptake studies. The final incubation volume for all uptake studies was 500 l. Uptake was initiated by addition of radiolabeled substrates from a concentrated stock (final concentrations:
. Nonspecific uptake was determined by measuring accumulation of radiolabel in tissue incubated on ice. In studies examining the effects of specific inhibitors on uptake, tissue was incubated in the presence or absence of inhibitors for 10 min before addition of radiolabeled substrates. Uptake was terminated after 2 min (except for time course studies, and unless otherwise noted) in the following manner: tissue was pelleted by brief centrifugation; aCSF was removed (and reserved); tissue was rinsed three times with 1 ml of ice-cold aCSF, resuspended in 0.5 ml of 1 N NaOH, and dissolved by incubation at 150°C for 15 min. Radioactivity in tissue and aCSF was determined by liquid scintillation spectroscopy. Protein concentration in each tissue sample was determined by a modification of the Bradford protein assay (Bradford, 1976) . Uptake experiments were repeated at least three times, except where noted.
Efflux studies. 3 H] MPP ϩ in 1 ml of aCSF for 1 h at 37°C with continual inversion mixing. Tissue was then rinsed twice with 1 ml of ice-cold aCSF. Efflux was initiated by addition of 1 ml of fresh aCSF at 37°C and measured at 5 min intervals during a 45 min incubation period. Samples (500 l) of aCSF were taken every 5 min and replaced with 500 l of fresh, warm aCSF. In studies examining the effects of inhibitors on efflux, inhibitors or vehicle were added from 2ϫ concentrated stocks after three samples had been taken in the absence of inhibitors. Samples taken after inhibitors were added were replaced with aCSF containing inhibitor or vehicle. Transport was terminated as described above. Fractional efflux, the amount of radioactivity released per 5 min fraction (500 l), was expressed as disintegrations per minute per microgram of protein.
Data analysis. Results are expressed as means Ϯ SD from independent replicate experiments. All data were analyzed using GraphPad Prism version 4.00 (GraphPad Software, San Diego, CA). Transport data were analyzed by fitting untransformed data to appropriate equations using iterative, least-squares curve-fitting techniques. Early kinetic parameters were determined by fitting accumulation-time data to the first order rate equation using Prism software. IC 50 values for inhibitors were determined by fitting the pooled data from independent experiments to the one-site competition equation using nonlinear regression.
Results
Characterization of monoamine transporter expression in periventricular DMH region RT-PCR was used to analyze expression of OCTs 1, 2, and 3 as well as several other monoamine transporters in the rat 3V-MH. PCR was performed on mRNA samples generated in the presence or absence of reverse transcriptase. Rat kidney tissue was analyzed as a positive control for OCT1, OCT2, and OCT3 expression (Jonker and Schinkel, 2004) . mRNAs for OCT1, OCT2, and OCT3 were detected in the rat kidney, whereas only OCT3 mRNA was clearly detected in 3V-MH (Fig. 2 A) . mRNA for SERT, DAT, NET, VMAT1, and VMAT2 was also detected in 3V-MH (Fig. 2 B) .
Distribution of OCT3 in dorsomedial hypothalamus and other areas
Immunohistochemical methods yielded consistent patterns of OCT3-like immunoreactivity in the DMH region. OCT3-like immunoreactivity was observed in at least two cell types in the DMH region: (1) putative glial cells with cell body diameters ranging from 6 to 10 m, with an average diameter of 7.6 m (Fig. 3) ; and (2) ependymal cells lining the third ventricle (Fig. 3) . OCT3-like immunostaining of glial-like and ependymal cells was eliminated by preincubation of the primary antibody with the vendorsupplied blocking peptide (Fig. 3B) . OCT3-immunoreactive (OCT3-IR) glial-like cells were densely distributed throughout the DMH, including the DA, dorsomedial hypothalamic nucleus, dorsal part (DMD), and dorsomedial hypothalamic nucleus, ventral part (DMV), and were particularly densely distributed within the dorsomedial hypothalamic nucleus, compact part (DMC) (Fig. 4) . In contrast, fewer OCT3-IR glial-like cells were observed in the VMN and Arc (Fig. 4) . OCT3-IR ependymal cells were restricted to the dorsal half of the third ventricle (Fig. 4 A) (Fig. 5A ). Nonspecific uptake, determined by incubation at 0°C, accounted for 10 -15% of total uptake. A onephase exponential association curve was fit to the kinetic data yielding a k obs ϭ 0.0626 and t 1/2 ϭ 11.07 min. Maximal uptake at 60 min was 0.72 Ϯ 0.06 pmol/mg protein, and ϳ65% of maximal uptake was observed within 20 min. Titration experiments indicated that uptake of [ 3 H]-MPP ϩ was partially blocked by D22 and corticosterone (Fig. 5, Table 1 ). Although the inhibitory effect of corticosterone on [
H]-MPP
ϩ uptake was small compared with the effect of D22, corticosterone was more potent than D22 (Fig. 5B (Fig. 5B) . These data suggest that D22-sensitive uptake of [ 3 H]-MPP ϩ occurs through OCTs, SERT, and NET in hypothalamic minces. Therefore, to isolate OCT-mediated uptake from that mediated by SERT and NET, we examined uptake of [ 3 H]-histamine.
[ 3 H]-histamine uptake Acutely prepared 3V-MH minces accumulated [
3 H]-histamine in a time-dependent manner (Fig. 6 A) . Uptake was best described by a one-phase exponential association curve with k obs ϭ 0.066 and t 1/2 ϭ 10.48 min. Maximal uptake at 60 min was 0.82 fmol/mg protein, much less than the maximum uptake of [ 3 H]-MPP ϩ . Uptake was dose-dependently inhibited by corticosterone, estradiol, and D22 (Fig. 6 B, C; (Fig. 6 B, Table 2 ). In contrast to [ 3 H]-MPP ϩ , however, corticosterone and D22 inhibited Figure 2 . Expression of mRNA for organic cation transporters 1-3 and other monoamine transporters. A, RT-PCR was performed using total RNA extracted from 3V-MH or kidney and primers specific to rat OCTs 1, 2, or 3. PCR was performed on cDNA samples generated in the presence (ϩ) or absence (Ϫ) of reverse transcriptase. The sizes and positions of relevant markers are noted on the left. Only RT-PCR that included reverse transcriptase (ϩ) produced distinct bands for any of the OCTs. mRNAs for OCT 1, 2, and 3 were detected in the kidney, whereas only OCT3 mRNA was detected in 3V-MH. B, PCR was performed with cDNA from 3V-MH tissue and primers specific to rat SERT, DAT, NET, VMAT1, and VMAT2. mRNAs for each of these transporters were detected in 3V-MH.
a similar fraction of specific [ 3 H]-histamine uptake. To determine whether corticosterone and D22 inhibit the same transport process, [
3 H]-histamine uptake was measured in tissue minces incubated in aCSF containing increasing concentrations of D22 in the presence or absence of 3 M corticosterone. There was no additive effect of corticosterone on D22 inhibition of [
3 H]-histamine uptake (Fig. 6C) , suggesting that corticosterone and D22 inhibit the same transport process. To determine whether 5-HT was also a substrate for this [
3 H]-histamine uptake transporter, minces were incubated with [
3 H]-histamine in the presence of increasing concentrations of 5-HT. We found that [ 3 H]-histamine uptake was dosedependently inhibited by 5-HT (Fig. 6 D) . At concentrations Ͼ1 mM, 5-HT inhibited a larger fraction of [ 3 H]-histamine uptake than did D22.
Whereas all three rat OCTs share certain pharmacological properties, there are key differences in their sensitivities to inhibition by specific competitors and inhibitors. Rat OCT1 is much less sensitive to inhibition by corticosterone (IC 50 ϭ 150 M) than are OCT2 (IC 50 ϭ 0.48 -4 M) and OCT3 (IC 50 ϭ 0.3-4.9 M) (Wu et al., 1998; Arndt et al., 2001; Shang et al., 2003; Volk et al., 2003) . Estradiol 17-␤ is a more potent inhibitor of OCT3 (IC 50 ϭ 1.1 M) than of OCT2 (IC 50 ϭ 85 M) (Wu et al., 1998) . Choline inhibits rOCT2-mediated transport with an IC 50 value of 159 M (Okuda et al., 1999) but is much less effective at inhibiting OCT3-mediated transport (Wu et al., 1998) . To determine the relative contributions of OCT2 and OCT3 to histamine uptake, we tested the effects of estradiol and choline on [ 3 H]-histamine uptake in 3V-MH minces. Estradiol inhibited histamine uptake with an IC 50 value of ϳ1.2 M (Fig. 6 B, Table 2 ), whereas choline inhibited [ 3 H]-histamine uptake with an IC 50 value of 10.5 mM (Fig. 6 D, (Fig. 7A) . These data indicated the need to inhibit SERT-and NET-mediated uptake, and VMAT-mediated sequestration, of [ Reserpine-/desipramine-stimulated efflux was dose-dependently inhibited by D22 and corticosterone (Fig. 7 B, C) . At the highest doses, both D22 and corticosterone inhibited all reserpine-/ desipramine-stimulated efflux of [ 
Discussion
We have demonstrated that the organic cation transporter OCT3 is expressed in the rat DMH and acts as a functional transporter of organic cations, including 5-HT, in the CNS. In addition, we have demonstrated that OCT3-mediated transport in the DMH, like OCT3-mediated transport in peripheral tissues, is bidirectional and inhibited by corticosterone. To our knowledge, this is the first such demonstration of OCT3 transport activity in brain tissue. Together with previous studies , these data suggest that OCT3 may regulate serotonergic neurotransmission within the DMH and possibly other brain regions. The sensitivity of OCT3-mediated transport in DMH tissues to inhibition by corticosterone (IC 50 ϭ 30 nM for histamine, 150 nM for MPP ϩ ) suggests that, during stress, corticosterone may alter the rate of postsynaptic clearance (and therefore the extracellular concentrations) of organic cations, including 5-HT, dopamine, histamine, and/or norepinephrine in the DMH. This mechanism may explain previously reported rapid stress-and corticosteroneinduced increases in the concentrations of 5-HT and other monoamines in the DMH of diverse vertebrate species (Lowry et al., 2001 (Lowry et al., , 2003 .
The data from RT-PCR and functional assays suggest that OCT3 is the major OCT expressed in the DMH. This is in agreement with data from Amphoux et al. (2006) , who recently reported detection of OCT3 mRNA in "periventricular hypothalamus" by in situ hybridization. Although mRNAs for OCT1, OCT2, and OCT3 have been reported previously in human and rat brain (Okuda et al., 1996; Wu et al., 1998; Slitt et al., 2002; Haag et al., 2004) , our data indicate that OCT1 and OCT2 are not highly expressed in rat 3V-MH tissue. In addition, the pharmacological properties of rat brain organic cation transport reported here are similar to those reported for peripheral OCT3 and OCT3 expressed in cell lines but not for OCT2. Specifically, the sensitivity of [ 3 H]-histamine uptake to inhibition by choline was very low, suggesting little involvement of OCT2 (Okuda et al., 1999) , and the IC 50 value for estradiol inhibition of [
3 H]-histamine uptake in our studies (1.2 M) is very similar to that reported previously for estradiol inhibition of OCT3 (Wu et al., 1998) .
We found that corticosterone inhibited the transport of two known OCT substrates in acutely dissected 3V-MH tissues. Corticosterone rapidly inhibited up to 40% of specific [ 3 H]-histamine uptake, equivalent to the inhibition by the OCT inhibitor D22 (Fig. 6 ). In addition, there was no additive effect of D22 on corticosterone-induced inhibition of histamine uptake. These data suggest that corticosterone and D22 act on the same transporter, within the range of concentrations used. A substantial Tissue minces were incubated with the indicated doses of inhibitor, decynium22 (E), corticosterone (OE), fluoxetine (▫), tomoxetine (ƒ), desipramine (ࡗ), and GBR12909 (छ) for 10 min, followed by the addition of 25 nM [ 3 H]-MPP ϩ . Uptake was terminated after 2 min. Where present, error bars represent Ϯ SD from two independent experiments. CTRL, Control. 3 H]-histamine was added, and uptake was measured for 2 min. B, 3V-MH accumulation of [ 3 H]-histamine was dose-dependently inhibited by decynium22 (), corticosterone (E), and estradiol (छ). Error bars represent Ϯ SD from two (decynium22) or five (corticosterone) independent experiments. C, Effects of corticosterone preincubation on decynium22-induced inhibition of 3V-MH histamine uptake. Data are means Ϯ SD from two independent experiments in which 3V-MH tissue minces were incubated in aCSF containing the indicated concentrations of decynium22 with (‚) and without (E) 3 M corticosterone, after which uptake was measured as above. Decynium22 dose-dependently inhibited [ 3 H]-histamine uptake. Preincubation with 3 M corticosterone alone also inhibited uptake but had no effect on maximal decynium22-induced inhibition of [ 3 H]-histamine uptake. D, 3V-MH [ 3 H]-histamine uptake was dose-dependently inhibited by 5-HT (▫) and choline (ƒ). Data are means Ϯ SD from two independent experiments. CTRL, Control. IC 50 values were determined by fitting pooled data from independent experiments to the one-site competition equation using nonlinear regression.
fraction of specific histamine uptake was resistant to inhibition by corticosterone and D22 but was inhibited by choline and 5-HT, suggesting the presence of additional unknown transporters in 3V-MH tissue. Other mediators of DMH histamine uptake may include the newly described plasma membrane monoamine transporter (Engel et al., 2004) , which is relatively insensitive to corticosterone (K i ϭ 450 M) and the H3 histamine receptor (Corbel and Dy, 1996) . In contrast to its effect on histamine uptake, corticosterone was less efficacious at inhibiting MPP ϩ uptake than was D22 (Fig. 5B, Table 1 ). The relative insensitivity of [ 3 H]-MPP ϩ uptake to inhibition by corticosterone may be explained by the fact that MPP ϩ is also a substrate for other monoamine transporters, including SERT, NET, and DAT, that are insensitive to corticosterone. The effect of D22 on MPP ϩ uptake may be attributable to reported nonspecific inhibitory effects of high concentrations of D22 on other transporters (Russ et al., 1993) . Thus, in our studies, corticosterone-induced inhibition of OCT-mediated [ 3 H]-MPP ϩ uptake may have been obscured by continued SERT-and NET-mediated uptake. Importantly, both corticosterone and D22 inhibited 100% of reserpine-/desipramine-stimulated MPP ϩ efflux (Fig. 6) , demonstrating the bidirectional nature of corticosterone-sensitive transport in our system, and suggesting that efflux of [ 3 H]-MPP ϩ was entirely OCT mediated. We found OCT3-like immunoreactivity in presumed glial and ependymal cells in the DMH. This agrees with previous reports of OCT3 expression in cultured astrocytes (Russ et al., 1996; Schomig et al., 1998; Inazu et al., 1999 Inazu et al., , 2003a and in ependymal cells in rat circumventricular organs (Vialou et al., 2004) and suggests that OCT3 activity in either or both of these cell types may have mediated the effects observed in our functional assays and may play roles in monoamine clearance in the DMH. Glial and ependymal cells also express other mediators of monoamine clearance and metabolism, including SERT (Inazu et al., 2001; Verleysdonk et al., 2004) and monoamine oxidase (MAO) (Ekblom et al., 1993; Verleysdonk et al., 2004) . OCT3 colocalizes with MAO-A in the placenta (Verhaagh et al., 2001 ) and with MAO-B in the area postrema (Haag et al., 2004) . Thus, two mechanisms of monoamine clearance may operate in the DMH: glial-mediated clearance involving uptake followed by MAOmediated metabolism; and ependymal-mediated clearance involving uptake of monoamines from the interstitial fluid, followed by OCT3-mediated efflux into the CSF.
OCT3 expressed in glial and ependymal cells in the DMH may be a stress-sensitive component of the mechanisms regulating monoamine clearance within the DMH. In this model, monoamine clearance under basal conditions would be a combined function of the low-capacity, high-affinity transporters (SERT, NET, and DAT) and the high-capacity, low-affinity transporter OCT3. The contribution of OCT3 to monoamine clearance would increase when local concentrations of monoamines are high enough to saturate other transporters. During stress, when corticosterone levels are elevated, OCT3-mediated monoamine transport by glial and ependymal cells would be inhibited. In combination with increased local serotonergic (or other monoaminergic) neuronal activity, inhibition of OCT3-mediated clearance would increase local concentrations of 5-HT or other monoamines in the interstitial fluid leading to enhanced 5-HT neurotransmission. This model is supported by studies demonstrating that local application of corticosterone or D22 to the DMH leads to dramatic increases in local extracellular concentrations of 5-HT Watt et al., 2005) .
The presence of corticosterone-sensitive monoamine transporters in the DMH may have implications for regulation of physiological and behavioral aspects of the stress response. The DMH is a key structure for the initiation and regulation of neuroendocrine, autonomic, and behavioral responses to stress (for review, see DiMicco et al., 2002) . DMH neurons receive input from key monoaminergic regions of the brain, including the locus ceruleus and the median raphe nucleus (Swanson, 1987; Vertes et al., 1999; Lowry, 2002) . Both of these groups of neurons are activated during stress (Abercrombie and Jacobs, 1987; Daugherty et al., 2001) and are proposed to contribute to the regulation of stress responses (Graeff et al., 1996; Deakin, 1998; Shekhar et al., 2002) . In previous studies, intracerebroventricular or intrahypothalamic injections of 5-HT agonists either enhanced or inhibited stress-induced increases in plasma corticosterone concentrations depending on dose, location of injection, and the subtype of 5-HT receptor targeted Telegdy, 1972, 1973; . Thus, by regulating local 5-HT levels in the DMH, corticosterone regulation of OCTs may contribute to acute regulation of integrated behavioral and physiological responses to stress.
